ABSTRACT In late 2013, chikungunya virus (CHIKV) was introduced into the Americas, leading to widespread epidemics. A large epidemic caused by the Asian chikungunya virus (CHIKV) lineage occurred in Managua, Nicaragua, in 2015. Literature reviews commonly state that the proportion of inapparent CHIKV infections ranges from 3 to 28%. This study estimates the ratio of symptomatic to asymptomatic CHIKV infections and identifies risk factors of infection. In October to November 2015, 60 symptomatic CHIKV-infected children were enrolled as index cases and prospectively monitored, alongside 236 household contacts, in an index cluster study. Samples were collected upon enrollment and on day 14 or 35 and tested by realtime reverse transcription-PCR (rRT-PCR), IgM capture enzyme-linked immunosorbent assays (IgM-ELISAs), and inhibition ELISAs to detect pre-and postenrollment CHIKV infections. Of 236 household contacts, 55 (23%) had experienced previous or very recent infections, 41 (17%) had active infections at enrollment, and 21 (9%) experienced incident infections. Vehicle ownership (multivariable-adjusted risk ratio [aRR], 1.58) increased the risk of CHIKV infection, whereas Ն4 municipal trash collections/ week (aRR, 0.38) and having externally piped water (aRR, 0.52) protected against CHIKV infection. Among 63 active and incident infections, 31 (49% [95% confidence interval {CI}, 36%, 62%]) were asymptomatic, yielding a ratio of symptomatic to asymptomatic infections of 1:0.97 (95% CI, 1:0.56, 1:1.60). Although our estimate is outside the 3% to 28% range reported previously, Bayesian and simulation analyses, informed by a systematic literature search, suggested that the proportion of inapparent CHIKV infections is lineage dependent and that more inapparent infections are associated with the Asian lineage than the East/Central/South African (ECSA) lineage. Overall, these data substantially improve knowledge regarding chikungunya epidemics.
by headache (60%). These 4 signs/symptoms cooccurred as one distinct symptom cluster (Fig. 3) .
Age trend analysis. Among those at risk of CHIKV infection after or slightly before study initiation (n ϭ 157), the probability of CHIKV infection increased linearly with age ( Fig. 4A ). Among the 63 active and incident infections, the probability of having a symptomatic outcome also increased linearly with age ( Fig. 4B) .
Risk factor analysis. Risk factor analyses (Table 3) showed that having a high frequency of trash collection (Ն4 times/week) (multivariable-adjusted risk ratio [aRR] , 0.38; 95% CI, 0.19, 0.76) and having externally piped water (aRR, 0.52; 95% CI, 0.32, 0.84) were significantly protective with respect to very recent, active, and incident CHIKV infections (model 1; n ϭ 157) that occurred after or slightly before study initiation. Vehicle ownership (aRR, 1.58; 95% CI, 1.10, 2.27) was associated with a significantly increased risk of CHIKV infection across study households. No risk factors were significantly associated with incident infection (model 2; n ϭ 104); however, the directionality of association for external piped water and vehicle ownership was preserved. We did not find any factors predictive of sign/symptom occurrence among household contacts with active and incident infections (model 3; n ϭ 63) or strictly among those with incident infections (model 4; n ϭ 21). 
Variability of the S:
A ratio. The overall S:A ratio of 1:0.97 represents a weighted average of stratum-specific S:A ratios. The stratified point estimates for the S:A ratio by infection classification and demographic strata ranged from 1:0.5 to 1:3.2 (i.e., stratified proportions of asymptomatic infection ranged from 37% to 76%) ( Table 2 ). Only the sampling distributions for incident infections and children were too non-normal to estimate unbiased bias-corrected and accelerated bootstrap confidence intervals (BC a CIs) (data not shown). As a result of some strata having small sample sizes and, hence, invalid BC a CIs, statistical tests were not performed to compare stratum-specific S:A ratios. CI functions depict CIs at all possible ␣ values around a point estimate and thereby visualize the variability of the data; in doing so, they avoid the arbitrary selection of an ␣ value of 0.05 for the construction of interval estimates. In the CI function for the overall proportion of asymptomatic CHIKV infections (Fig. 5 ), values closer to the point estimate of 49.2% are more compatible with the data than those further away from it. As the 3 to 28% range is outside even 99% CIs, our data are not compatible with the expected range. Specifically, the one-sided P value comparing our point estimate (49.2%) against the upper limit of the expected range (28%) is Ͻ0.002. Thus, despite the small sample size on which it is based (i.e., 63 active and incident infections), our estimate of the proportion of asymptomatic CHIKV infections is significantly different from and highly incompatible with the expected range of 3 to 28%, as previously reported (15) (16) (17) (18) (19) .
Bayesian analysis of the proportion of asymptomatic infection. We conducted a simple Bayesian analysis on the overall proportion of asymptomatic CHIKV-infected household contacts to reduce the variability in our estimate and incorporate the full extent of what is known about inapparent infections into our analysis. A systematic literature search of studies documenting chikungunya epidemics in initially CHIKV-
FIG 2
Classification scheme based on CHIKV infection status of the 236 household contacts. Shown is a classification scheme of the household contacts with mutually exclusive categories. Day 1 refers to the baseline. The designation of particular categories was based only on the listed molecular or serological tests. For example, the classification of active infections was based solely on a positive rRT-PCR result on day 1, irrespective of day 1, 14, or 35 ELISA results. Based on viremia dynamics, individuals with very recent infections were likely infected within a week of the baseline visit. Those with equivocal infections met the definition of either an active or incident infection but were missing the day 1 rRT-PCR sample. Contacts in pink boxes (n ϭ 63), unlike those in purple boxes (n ϭ 173), were used to calculate the S:A ratio because their viremic period (and, hence, symptomatic period) overlapped the study period. Contact categories marked by an asterisk (n ϭ 157) were at risk of a CHIKV infection after or slightly before study initiation. P, positive; N, negative; M, missing. Number of symptomatic to asymptomatic CHIKV infections in the category, ratio re-expressed as a function of 1 symptomatic CHIKV infection.
Differences by Lineage in Chikungunya Virus Infections Journal of Virology naive populations was conducted, and data were extracted (Table 4) to inform prior distributions. We used the systematic literature search to inform prior distributions (Table 5) , rather than estimating a prior based on subjective confidence in the 3 to 28% range, as our estimates from the first chikungunya epidemic in Managua were far outside this range (10) . Moreover, because CHIKV is an understudied virus, we were concerned that the use of subjective priors might exceed the extent of established knowledge regarding CHIKV infections. As the effect of clustering in our data was small (intraclass correlation coefficient of 0.10 [data not shown]), the Bayesian analysis was performed assuming that our data were independent. All of the identified studies captured inapparent infections instead of asymptomatic infections as a result of having more traditional study designs; however, because chikungunya signs/symptoms are typically severe and hence are likely to be reported to medical professionals, the percentage of inapparent CHIKV infections captured in the identified studies is likely comparable to the percentage of asymptomatic CHIKV infections that authors would have captured with intensive blood sampling of their
FIG 3
Sign and symptom cooccurrence dendrogram for the 32 symptomatic infections. The hierarchical clustering dendrogram conveys how signs and symptoms cooccurred simultaneously in the 32 individuals with symptomatic active and incident infections. Particular signs and symptoms that appear closer together on the dendrogram are more likely to be either jointly present or jointly absent in symptomatic individuals than signs and symptoms that are further apart on the dendrogram. Use of the modern Ward agglomerative method identified three clusters: (i) joint pain, muscle pain, fever, and headache (in red); (ii) rash (in blue); and (iii) all other signs and symptoms (in green). The occurrence frequency for each individual sign and symptom is additionally listed on the right.
participants, all else being equal. Because of the expected similarity in the percentages of inapparent and asymptomatic CHIKV infections that could be reported for a given chikungunya outbreak, the Bayesian analyses were informed by prior distributions estimated from the inapparent CHIKV infections in the literature with our study data based on asymptomatic CHIKV infections. Our discussion of asymptomatic CHIKV
FIG 4
Age trend analysis of CHIKV infections and symptomatic CHIKV infections. Generalized additive model (GAM) curves illustrate the marginal trend between age and the probability of infection (A) and age and the probability of a symptomatic outcome, given infection (B). The first curve was fit among the 157 household contacts who were at risk of CHIKV infection after or slightly before study initiation. The second curve was fit among the 63 individuals with active and incident CHIKV infections. Confidence intervals (CI) account for the clustered data structure, having been nonparametrically bootstrapped at the household level 10,000 times. infections is thus limited to our own study sample, whereas our discussion of inapparent CHIKV infections concerns findings from the systematic literature search. We did not find any study documenting the proportion of inapparent CHIKV infections caused by the West African CHIKV lineage. All but one of the ESCA lineage studies meeting our criteria corresponded to outbreaks caused by the IOL strain.
The median of the overall posterior distribution (Table 6) , using all 20 studies that we identified to inform the overall prior distribution (Table 4) , was 48% (95% highestdensity credible interval [HDCI], 36%, 60%), very similar to our overall frequentist estimate of 49% (95% CI, 36%, 62%) ( Table 2) . We observed an unexpectedly small degree of shrinkage (i.e., movement from the frequentist point estimate [49%] to the median of the overall posterior [48%]) toward the expected 3 to 28% range. This indicated that the overall prior did not, contrary to our expectation, allocate the vast majority of its area under the curve (AUC) to the 3 to 28% range (Fig. 6) . Instead, 46% of the AUC for the overall prior distribution curve lies above 28% ( Table 5 ), implying that about half of the evidence in the literature pointed toward proportions of inapparent infection above the cited upper limit (15) (16) (17) (18) (19) . Moreover, this finding indicated that greater variability exists in this parameter than is currently recognized ( Fig.  6 ; Table 5 ). (93), from which the data were adapted with permission. Abbreviations: ECSA, East/Central/South African CHIKV lineage; IOL, Indian Ocean strain of the ECSA lineage.
b
The viral lineage responsible for the outbreak, when not explicitly confirmed through sequencing in the paper, was derived from other reported studies that genotyped virus isolates from either (i) the outbreak in question or (ii) e-mail correspondence with the study authors. Similarly, the responsible vector, when not explicitly confirmed through entomological investigation in the paper, was derived from either (i) the global compendium of Aedes aegypti and Aedes albopictus occurrence data set (82) or (ii) e-mail correspondence with the study authors. In these instances, the cell with the given information is labeled as "likely."
c When various Aedes species were circulating in the area of the epidemic (based on the text in the paper, correspondence with a study author, or the global Aedes occurrence compendium data set), the more populous subspecies was considered and labeled as "more likely" to be responsible for the epidemic, and vice versa.
d Due to peculiarities in individual studies, the numerator of the "proportion of CHIKV-positive participants" column may not equal the denominator of the "proportion of inapparent infections" column.
e Data in the study were supplemented by data provided by the first, senior, or corresponding author.
f
The proportion of inapparent infections was back-calculated from the reported proportion of symptomatic infections.
g Data regarding the proportion of CHIKV-positive individuals or the proportion of inapparent infections were supplemented with data from another article reporting the same outbreak. (Data from Galatas et al. [21] were supplemented by data from Ly et al. [81] , and data from Yoon et al. [24] were supplemented by data from Srikiatkhachorn et al. [25] .) Hyperparameters are the parameters that specify the particular probability distribution to be used as a prior distribution. Beta hyperparameters were estimated by numerically optimizing the likelihood after weighting each identified study's contribution by the number of CHIKV-infected individuals.
Precision is the reciprocal of variance. In Bayesian analyses, precision is a preferred way of quantifying the variability in a distribution. Higher values indicate a less variable distribution.
c Values for 95% HDCIs (highest-density credible intervals) are usually presented for the medians of posterior distributions and not prior distributions. However, we list them here to quantify the variability around the medians for the probability of inapparent CHIKV infections given the state of the literature.
d
Probability of observing a proportion of inapparent CHIKV infections, under this prior, that exceeds the upper limit of the expected range, 28.0%.
e Probability of observing a proportion of inapparent CHIKV infection, under this prior, that exceeds the observed proportion in this study, 49.2%.
f Hyperparameters for a prior distribution could not be estimated via maximum likelihood or method-of-moments estimators from the single non-IOL ECSA study identified in the systematic search, so no parameters could be calculated.
g These data were derived by treating the present study as another study contributing to the understanding of the proportion of inapparent CHIKV infections. Results from the present study were incorporated along with those of the identified studies into a prior distribution, as before. Because our index cluster study concerns an epidemic caused by the Asian lineage, only the overall and Asian lineage priors are updated. Data in this column could be used as prior distributions for future Bayesian studies, public health planning, or mathematical modeling studies focusing on epidemics of CHIKV-specific lineages.
The Bayesian sensitivity analysis revealed that CHIKV lineage-specific heterogeneity in the probability of inapparent infection was the likely cause of the overall prior's high variance ( Fig. 6 and 7 ; Tables 5 and 6 ). The sensitivity analysis was based on 13 different priors estimated from subsets of selected studies. The resultant medians of the posterior distributions ranged from 41 to 49% (Table 6 ), suggesting that all priors resulted in a similar posterior distribution for the percentage of asymptomatic CHIKV infections in our study sample.
However, we observed unexpected differences among the priors related to CHIKV lineage. In particular, 91% of the AUC for the prior based on Asian lineage CHIKV epidemics ( Fig. 6A ; Table 5 ) and 98% of the AUC for the prior estimated for CHIKV epidemics in the Americas ( Fig. 6B ; Table 5 ), where the Asian CHIKV lineage predominates, lie above 28%, suggesting that inapparent CHIKV infections caused by the Asian lineage do not conform to the 3 to 28% range. In contrast, prior distributions estimated from all ECSA epidemics, IOL-strain ECSA epidemics, and chikungunya epidemics on the African continent (where the ECSA lineage predominates) showed ϳ75% of their AUC below 28% ( Fig. 6 ; Table 5 ), largely in agreement with the 3 to 28% range. Whereas the prior distribution for the proportion of inapparent infections caused by ECSA lineage symptoms was centered at (i.e., had an approximate median of) 19%, the Asian lineage distribution was centered at 48%, very similar to the observed proportion of asymptomatic infections in our study sample (Table 5 ). Studies of Asian lineage CHIKV epidemics reported higher (and more-variable) proportions of inapparent infections than epidemics of non-Asian CHIKV epidemics ( Fig. 6 and 7 ; Tables 4 and 5) .
As a result of the apparent CHIKV lineage-specific heterogeneity in the probability of inapparent infection, using the Asian lineage CHIKV prior to estimate the median of the posterior distribution, 49% (HDCI, 38%, 60%), is a more appropriate approach than using the overall prior ( Table 6 ). The prior distributions for studies based on convenience and nonconvenience samples (e.g., random samples, systematic samples, and multistage cluster samples, etc.) were quite similar ( Table 5 ), implying that the sampling technique was not driving the lineage-specific differences that we observed.
Differences in CHIKV lineage-specific prior distributions. The lineage-specific prior distributions were formally compared to characterize and quantify differences in their behaviors. Multiple distance and similarity measures/metrics indicated that the Table 5 . b See Table 5 . c Hyperparameters are the parameters that specify the particular probability distribution to be used as a prior distribution. Beta hyperparameters were estimated by numerically optimizing the likelihood after weighting each identified study's contribution by the number of CHIKV-infected individuals. d Statistics were calculated from the posterior beta distribution with the given hyperparameters in the respective row. e Hyperparameters for a prior distribution could not be estimated via maximum likelihood or method-of-moments estimators from the single non-IOL ECSA study identified in the systematic literature search, so no parameters could be calculated.
prior distribution for the ECSA lineage's IOL strain was most compatible with the expected range of 3 to 28%, while the Asian lineage distribution was the most divergent (Table 7) . Monte Carlo resampling simulations based on the Asian and ECSA literature-based prior distributions were performed to investigate predicted differences between chikungunya outbreaks caused by the different lineages. If the CHIKV lineage was unrelated to the percentage of inapparent CHIKV infections in epidemic settings, then, on average, Asian lineage epidemics should have a higher percentage of inapparent infections than ECSA lineage CHIKV epidemics 50% of the time. However, Monte Carlo sampling of the Asian and ECSA priors indicates that, on average, the proportion The Kullback-Leibler divergence, the Hellinger distance, and the Bhattacharyya coefficient quantify differences in global behaviors between two probability distribution functions. b For these analyses, prior distributions were compared to beta(2.97, 16.72), the prior distribution corresponding to all studies that reported a proportion of inapparent CHIKV infections within the expected 3 to 28% range. c The lower the Kullback-Leibler divergence, the more the probability distribution under consideration behaves in a fashion similar to that of the distribution built from studies conforming to the expected range in expectation, and vice versa. d The lower the Hellinger distance (the probabilistic analogue to the Euclidean distance between two points), the more similar the distribution functions, and vice versa. e Conversely, a low Bhattacharyya coefficient indicates a low degree of overlap between the distribution functions considered, and vice versa. f Hyperparameters for a prior distribution could not be estimated via maximum likelihood or method-of-moments estimators from the single non-IOL-strain ECSA study identified in the systematic literature search, so no parameters could be calculated. 81% (95% CI, 54%, 96%), 66% (95% CI, 36%, 89%), and 46% (95% CI, 17%, 78%) of the time, respectively.
As a result of the identified lineage-specific differences in the proportions of inapparent CHIKV infections, we estimated a second set of prior distributions, incorporating results from this study, for use by future researchers (Table 5 ). Owing to our study's small sample size, the updated set of prior distributions closely reflected the prior distributions originally estimated from the literature.
DISCUSSION
We present an index cluster study of chikungunya, which used a household-based design to estimate the ratio of symptomatic to asymptomatic CHIKV infections during a large chikungunya epidemic in Managua, Nicaragua, in 2015. We find laboratoryconfirmed evidence for an overall S:A ratio of 1:0.97 among a sample of participants of all ages, equivalent to a 49% probability of asymptomatic CHIKV infection. CHIKV infection and disease had linear associations with age. We did not find risk factors for symptomatic occurrence; however, vehicle ownership (aRR, 1.58), living in a home with a high level of municipal trash collection (aRR, 0.38), and having externally piped water (aRR, 0.52) were associated with CHIKV infection. Finally, we showed that the 3 to 28% range for the proportion of inapparent infections reported in literature reviews (15) (16) (17) (18) is misleading, as the range is overly narrow and obscures important lineage-specific differences. We estimated that 49% of CHIKV infections in our sample were asymptomatic using both frequentist and Bayesian methods. Although this finding is discrepant with both epidemics caused by the ECSA lineage and the 3 to 28% range for inapparent CHIKV infections commonly cited in literature reviews, we showed that this finding agrees with other reports of CHIKV epidemics caused by the Asian lineage. These results provide comprehensive epidemiological evidence that chikungunya epidemic characteristics are strongly influenced by CHIKV lineage and provide, to our knowledge, the first quantification of differences between the Asian lineage and the ECSA lineage, particularly its IOL strain, with respect to the proportion of inapparent CHIKV infections at the population level. Importantly, our findings of lineage-specific differences were based on studies with sample populations that had no documented prior exposure to CHIKV, limiting the impact that previous CHIKV exposure could have on the occurrence of disease presentation.
High proportions of inapparent CHIKV infections have been observed in multiple settings with different study designs over the last 15 years (10, 14, (20) (21) (22) (23) (24) (25) (26) (27) ; however, the expected range of 3 to 28% was based (17) only on three studies conducted in the late 1990s and mid-2000s (30) (31) (32) . This range has repeatedly been cited in subsequent reviews (15, 16, 18) and the Centers for Disease Control and Prevention's Yellow Book (19) , despite recent serosurveys reporting higher levels of inapparent infections. The possibility that the proportion of inapparent infections observed during an epidemic might be lineage dependent was raised first by Yoon et al. (24) and then by others (10, 33) . However, while the hypothesis of lineage-specific differences has previously been raised as an explanation for observed discrepancies between chikungunya epidemics, it has not yet been widely accepted enough to be reflected in literature reviews. We argue on the basis of the estimated prior distributions, statistical measures/metrics, and Monte Carlo resampling of the estimated priors that sufficient evidence exists in the literature to warrant inclusion of these epidemiological, lineage-specific differences in the proportion of inapparent infections in future literature reviews.
The prior distribution that we estimated for inapparent infections from Asian lineage CHIKV infections (Fig. 6A) has a median similar to that of the distribution estimated from populations in the Americas (Fig. 6B) . We are unable to rule out the possibility that the high proportion of inapparent infections from Asian lineage CHIKV epidemics is due to or is confounded by the genetic background or immunological history of populations in the Americas. However, the immunological and pathophysiological CHIKV lineage-specific differences observed in mouse and nonhuman primate models (3-6), combined with the comprehensive epidemiological evidence identified in the system-atic literature search, suggest that CHIKV lineage-specific differences help to explain broadly observed heterogeneity in CHIKV infection outcomes in both human populations and animal models. Although our focus was on the proportion of inapparent infections, lineage-specific differences may also underlie differences in chikungunya severity, as has been postulated by others (34) .
Chikungunya virus is not the only arbovirus to display subgroup variation with respect to infection outcomes. Studies of dengue virus (DENV), the most common arboviral human disease, have reported wide ranges for ratios of symptomatic to inapparent infections (S:I ratios) across different years, even in the same population (35, 36) . For example, Endy et al. described S:I ratios ranging from approximately 0.4:1 to 0.9:1 in populations of schoolchildren over a 5-year period, and within the same year, S:I ratios ranged from approximately 0.1:1 to 5.0:1 (36) . DENV has four serotypes, and serotype-specific differences in clinical manifestations, including severe disease, have been reported in pediatric (37, 38) as well as adult (39, 40) populations. Zika virus (ZIKV), a virus closely related to dengue virus, has shown strain-dependent differences in ex vivo virulence (41), apoptosis induction capacity (42) , infectivity (43) , as well as disease manifestations in mouse models (44) and potentially humans (41) . To the best of our knowledge, S:I ratios for DENV and ZIKV have not yet been examined by serotype and strain, respectively, in human populations. However, given the various subgroup differences previously noted, it would be unsurprising if future studies identified subgroup differences in their S:I ratios.
The large difference between Asian and ECSA lineage chikungunya epidemics has important public health implications, as it implies that the vast majority (82%) of ECSA lineage infections will be symptomatic, whereas only half (52%) of Asian lineage infections will be symptomatic. Our main finding on the dependence of the S:I ratio on CHIKV lineage can help public health officials better plan for chikungunya epidemics of the specific lineage in their geographical vicinity. Our data can also help mathematical modelers accurately capture the transmission dynamics of chikungunya epidemics. Importantly, we recommend that planning for and modeling of chikungunya epidemics be based on lineage-specific data instead of the 3 to 28% range ( Table 5 ). The wide 95% credible intervals that we estimated for these lineage-specific data reflect the paucity of large, published studies. As such, they more accurately reflect the uncertainty of this parameter than is expressed by the 3 to 28% range. Since evidence from the fields of immunology and pathology also suggests lineage-specific differences postinfection (3-6), future work should consider stratifying analyses of postinfection outcomes by CHIKV lineage.
The potential for lineage-specific differences to impact chikungunya disease manifestation also has implications for the development of vaccines to chikungunya. From the studies that we gathered, it is not clear whether the observed lineage-specific differences in epidemic chikungunya behavior are due to lineage-specific virus-induced pathology, immune responses differentially mounted to CHIKVs of different lineages, or some immunopathological combination thereof. Future studies should examine the mechanisms giving rise to the lineage-specific epidemiological differences we identified, as these mechanisms may necessitate the development of multivalent chikungunya vaccines.
Our evidence of lineage-specific differences also has implications for epidemiological comparisons between DENV, ZIKV, and CHIKV. The vast majority of CHIKV infections, as per the state of current literature reviews, are regarded as being symptomatic, in contrast to flaviviruses such as DENV (45) and ZIKV (46) , which result in large proportions of inapparent/asymptomatic infections. Our finding that infection with an Asian lineage CHIKV is symptomatic only 52% of the time suggests that the Asian lineage may not be so different from DENV, ZIKV, and other flaviviruses with respect to symptomatic occurrence.
Across households, vehicle ownership was the only variable associated with an increase in the risk of CHIKV infection in our most powered model. However, it is unclear if vehicle ownership functioned more as a proxy for transportation-related increases in the risks of infection or as a proxy for socioeconomic status. A high frequency of trash collection was the most protective variable associated with CHIKV infection. The removal of trash in the peridomestic environment represents an important modifiable risk factor, since Aedes mosquitoes are known to breed in trash and other debris capable of catching rainwater (47). We did not find an association between having tires in the yard and CHIKV infection, even though tires are known to retain rainwater and hence be a risk factor for mosquito-borne infections (48) . However, most (89%) at-risk participants had tires in their yard, which may explain our null finding for this known risk factor. Previous work by Nakkhara et al. found that refuse in the peridomestic environment was associated with infection and that age and education were inversely associated with disease manifestation (22) . However, our results are not directly comparable with these results. Nakkhara et al. used an inappropriate multinomial regression that assumed that no infection, symptomatic infection, and asymptomatic infection were statistically equitable outcomes. We modeled the infection and disease processes separately, as a symptomatic or asymptomatic outcome is always conditional on infection.
Our study has multiple strengths. The characterization of CHIKV infection histories, the documentation of signs and symptoms in a systematic manner, and the use of statistical methods for clustered data allowed us to derive valid inferences, particularly of the S:A ratio. Importantly, the repeated sample collection and sign/symptom questionnaires also enabled the identification of true, asymptomatic infections, minimizing bias due to incomplete recall of signs and symptoms. Finally, the study design also allowed us to estimate associations for both person-and household-level risk factors of infection.
Our study has several limitations. First, the study population was not selected randomly; thus, the results from our study sample may not generalize to the epidemic experience of Managua's population. Second, the overall sample size was modest, which prompted us to use a variable selection procedure in the risk factor analysis and a literature-based Bayesian approach to reduce the variability in our frequentist estimate of the proportion of asymptomatic CHIKV infections. The small sample size, combined with the clustered data structure, also prevented us from validly comparing the proportions of asymptomatic infections among household contact subgroups. Third, the study occurred past the period of highest incidence (40 cases per week in the Pediatric Dengue Cohort Study [PDCS] ), limiting the amount of incident infections that we could observe. Nevertheless, the study period coincided with a weekly average of 22 new cases being diagnosed within the PDCS, indicating that the study was conducted during a period of high CHIKV transmission in the study area. Fourth, the total number of populations that contributed to the Bayesian analyses (n ϭ 21) was relatively small, limiting the precision of the prior distributions. However, the small number of studies identified through the systematic literature search reflects how understudied CHIKV is relative to other arboviruses such as DENV and ZIKV. Fifth, the studies identified through the literature search each used a slightly different way of classifying a chikungunya case, which could have introduced information bias into the Bayesian analysis. Sixth, we were unable to identify any chikungunya study documenting an outbreak caused by the West African CHIKV lineage that met our inclusion and exclusion criteria, and we could identify only one non-IOL ESCA lineage study that met our criteria. Although most studies of inapparent CHIKV infections have examined ECSA lineage outbreaks (24), our literature search suggests that the West African lineage and non-IOL strains of the ECSA lineage remain understudied, even relative to the Asian CHIKV lineage and the IOL strain of the ECSA CHIKV lineage.
We find epidemiological evidence for lineage-specific differences in the probability of inapparent CHIKV infection and suggest lineage-specific distributions that should replace the overly narrow 3 to 28% range. Future studies should report lineage-specific proportions of asymptomatic or inapparent CHIKV-infected participants and provide statistically appropriate estimates of uncertainty. In addition, future studies should report risk differences for chikungunya disease manifestations; the vast majority of Laboratory methods. Upon collection, all blood samples were transported to the National Virology Laboratory and processed and/or stored at Ϫ80°C. Samples from potential index cases and day 1 samples from household contacts were tested by a pan-DENV-CHIKV rRT-PCR assay (52) . Paired day 1 and day 14/35 samples were tested by an in-house IgM-ELISA and an inhibition ELISA (55) . The IgM-ELISA has a sensitivity of 95.7% (95% confidence interval [CI], 91.3%, 98.2%) and a specificity of 89.8% (95% CI, 82.0%, 95.0%) compared to the CDC CHIKV rRT-PCR assay (55) . The IE has a sensitivity and a specificity of 94.9% (95% CI, 88.6%, 98.3%) (55) .
Statistical analyses. All data analysis was done in R v3.4.2 (56) .
(i) Demographics and symptom occurrence. Differences in participants' age and sex were examined using the nonparametric two-sample Kolmogorov-Smirnov test (57) and the modern N-1 Pearson chi-square test (58), respectively. Differences by age and sex were also examined by the more traditional Wilcoxon rank-sum test and Fisher's exact test. All-negative household contacts served as the reference group for comparisons of age and sex distributions to other groups of contacts.
To calculate the risk difference for a symptomatic outcome, the all-negative contacts were considered the unexposed group, and the active and incident infections were considered the exposed group. The risk difference was calculated as the difference between the proportion of the exposed group (active and incident infection) meeting the case definition (either classic chikungunya or undifferentiated fever) and the proportion of the unexposed group (all-negative contacts) meeting the case definition. We used a binomial linear model, estimated within a generalized estimating equations (GEE) framework, to adjust for age and sex and account for household-level clustering. The GEE model assumed an exchangeable correlation matrix, used the household identifier (ID) variable as the clustering unit, fixed the scale parameter to 1, and used robust variance estimators (59) (60) (61) (62) .
Cooccurrence of different signs and symptoms among CHIKV-positive contacts was assessed using a hierarchical clustering dendrogram. The dendrogram was based on the Manhattan distance matrix of sign/symptom occurrence and constructed based on the modern Ward minimum-variance method (63), as previously described (20) .
(ii) Trend analysis. We used a logistic generalized additive model (GAM) to characterize the association of age with CHIKV infection and disease occurrence (64) . GAMs are flexible semiparametric approaches that, unlike traditional generalized linear models, can capture nonlinear trends in the data. The GAMs were estimated using the mgcv R package (64) with thin-plate regression splines (65) . Smoothing parameters were estimated with generalized cross-validation, and the basis dimensions were tested to ensure appropriate smoothing (66, 67) . To account for the household-based sampling design, we used the nonparametric bootstrap (68) to estimate a 95% pointwise confidence band instead of the default confidence band provided by the package. Data were bootstrapped at the household level 10,000 times.
(iii) Risk factor analysis. A literature search (described below) and a variable selection procedure were used to select potential predictors of infection and symptomatic outcome. The following variables were included as potential predictors of CHIKV infection after or slightly before study initiation (model 1): age, sex, educational attainment, number of previous infections, externally piped water status, hours without running water, tires in the yard, high frequency of abatement use, high frequency of fumigation, high frequency of municipal trash collection, number of household electronics, ownership of a vehicle, and a crowding measure (household size/total number of rooms in the household). A high frequency of abatement use/fumigation or trash collection was defined a priori as Ն4 times per year or per week, respectively; all variables except age, sex, and educational attainment were at the household level. When strictly examining incident infections as the outcome of interest (model 2), all model 1 variables were considered, except municipal trash collection, as all 104 at-risk persons lived in households with a high level of trash collection services. Model 2 was estimated among the all-negative group and the incident infections. Model 3 considered symptomatic status among all active and incident infections. Its candidate set of predictors included age, sex, the sum of electronics in the household, vehicle ownership, and the crowding measure. Model 4 had the same predictor set but considered only symptomatic status among incident infections.
Because the candidate sets of predictors were large relative to the study sample size, the candidate sets were reduced using a best-subset variable-selection procedure (69) based on Akaike's information criterion corrected for small sample sizes (70) . We estimated multivariate-adjusted risk ratios (aRRs) using modified Poisson regression (59) . The modified Poisson model used the same settings as for the binomial linear model described above.
(iv) Variability of the S:A ratio. To account for the clustered data structure, we calculated bias-corrected and accelerated (BC a ) CIs for the natural log of the S:A ratio using the nonparametric cluster bootstrap, resampling 10,000 times at the household level (71); estimates were then exponentiated to return them to the natural scale. The S:A ratio was log transformed to attain a bootstrap sampling distribution that was more normal. To ensure that BC a CIs provided reliable inference, we compared the underlying sampling distributions to normal curves, fitting their means and standard deviations to those of the sampling distribution. Due to small sample sizes, no statistical tests comparing the probabilities of asymptomatic infection among different subsets of participants (e.g., males versus females, active versus incident infection, and children versus adults) were performed. To explore the variability of our estimate for the probability of asymptomatic infection, a BC a -based confidence interval function (72) (73) (74) was constructed using the boot package (75, 76) . To assess the nature of correlation within our household-clustered data, we estimated an intracluster correlation coefficient (ICC) using the ICC R package and its ICCest() function (77) and constructed a CI function for the overall proportion of asymptomatic infections using BC a CIs (taking clustering into account) and exact CIs (assuming independent data).
(v) Literature-based Bayesian analysis. In Bayesian analyses, the estimate of a particular parameter (obtained from the study's data) is statistically combined with existing knowledge regarding that parameter (the prior distribution) to produce an updated (posterior) distribution for the parameter of interest in the study. Literature-based priors thus summarize, in the form of a statistical distribution, the extent of real knowledge regarding a particular parameter, as reported in the literature. In Bayesian analyses, the median of a posterior distribution is taken as the updated value of the parameter of interest. To make the priors representative of published knowledge, we conducted a systematic search of the literature using PRISMA guidelines (78) to identify previously published studies documenting the proportion of inapparent CHIKV infections (the parameter of interest) in previously CHIKV-naive populations. For the search, we selected only chikungunya outbreak reports on initially CHIKV-naive samples, as the S:A ratio that we calculated was among initially CHIKV-naive samples. This restriction also helped to ensure that the reports that we considered were fairly homogeneous with respect to CHIKV infection history. These studies informed the estimation of Bayesian prior distributions.
As a sensitivity analysis, we estimated a variety of prior distributions using different subsets of identified studies, described in detail below. We characterized the behavior of different priors using measures of centrality, multiple statistical measures/metrics, and Monte Carlo resampling simulations (10,000 random draws per distribution per scenario) (79) . To estimate 95% BC a CIs for Monte Carlo comparisons of the Asian and ECSA lineage prior distributions, 10,000 random draws were taken from each distribution, comparisons were made, and the entire procedure was nonparametrically bootstrapped 10,000 times, for a total of 200,000,000 Monte Carlo simulations. The calculated statistical measures/metrics were the Kullback-Leibler divergence (which compares a given distribution to an expected distribution), the Hellinger distance (which measures probabilistic distance between distributions) (80) , and the Bhattacharyya coefficient (which measures overlap between distributions). For these measures/metrics, priors were compared to one constructed using all identified studies reporting proportions of inapparent CHIKV infection between 3% and 28%, as this prior represented the strongest literature-based statistical expression for the expected distribution of inapparent infections reported in literature reviews and other authoritative sources (15) (16) (17) (18) (19) .
(vi) Framework of the systematic literature search. Because we sought to estimate distributions instead of summarizing the substantive content of the identified reports or an overall effect measure, we adapted the PRISMA guidelines (78) that are meant for systematic reviews and meta-analyses. On 29 June 2017, we downloaded the PubMed database returns using the singular keyword "chikungunya." No restriction (by time, language, or otherwise) was added to the search. We attempted to be as general as possible, as an initial search had revealed several relevant articles that did not include terms such as "serosurvey," "serology," or "asymptomatic."
In all, 3,480 articles were returned by the PubMed search (Fig. 8) . We first screened the returns by their title and abstract, being overly generous so as not to exclude potentially relevant studies. We excluded 3,367 articles on this basis, and 113 articles were selected for a full text review. The title/abstract screen was performed twice to increase the probability of finding relevant articles. After reviewing the text of the above-mentioned articles, 21 articles were deemed relevant to our search, including one (14) that included two populations of interest. Whenever more than one study reported on the same outbreak, we selected the most thorough one to include in our analysis; in these cases, all reports were reviewed for information that might supplement data in the most thorough report. (For example, the report by Galatas et al. [21] is a more thorough report of the same Cambodian outbreak than the one by Ly et al. [81] ; however, Ly et al. include more information on the proportion of inapparent infections, so those data are presented as if they were reported by Galatas et al.) Four of the 21 articles were removed because they reported on the same chikungunya epidemic. Thirty-five review articles and 159 citations of the 21 reports were reviewed to identify pertinent articles, and 2 additional articles were selected in this manner. The literature was also searched by contacting the corresponding authors of selected articles and asking them if they knew of similar articles; one article was selected as a result of this additional search. For a third round of assessing the literature, we further examined the citations of the above-mentioned 159 articles and 35 review articles but did not identify any further relevant articles.
(vii) Inclusion and exclusion criteria. We used exclusion and inclusion criteria to select the final articles. The overarching goals of the exclusion and inclusion criteria were to (i) select studies that documented the laboratory-confirmed percentage of CHIKV infections and the percentage of inapparent CHIKV infections within infected populations; (ii) ensure that the data reported concerned a recent epidemic in a population/sample that had been, mostly or exclusively, CHIKV naive in the preepidemic period; and (iii) include sufficient detail regarding relevant aspects of the study as to be informative with respect to the goals of our study. We focused on studies that described the epidemiology of recent outbreaks in populations that had been CHIKV naive before the epidemic because the S:A ratio that we calculated was estimated among persons who had not been previously infected by CHIKV. Thus, our focus was to ensure the comparability of our study data with literature-based data that would help to estimate prior distributions.
We excluded articles that were case reports, summarized infections in travelers (as their infection experience may not reflect that of people, living in locations of interest for an extended period of time, who lived through a chikungunya outbreak), hospital-based reports, studies that exclusively reported serology results for symptomatic participants, articles that did not examine the seroprevalence of CHIKV after a recent chikungunya outbreak, studies in areas where CHIKV is endemic that relied on IgG-ELISAs as the only measure of postoutbreak infection, case-control studies (which distort the probabilities of interest by virtue of the sampling method), and animal studies. We included articles for consideration of a full text review if they were reviews of chikungunya, seroprevalence studies, outbreak reports, national surveillance reports, articles discussing the burden of chikungunya disease in any population or cohort, or discussions of the epidemiology of chikungunya. To be included in the final set of considered studies, articles needed to confirm CHIKV infection in their participants by serological or molecular methods and reliably report the proportion of CHIKV-infected participants who experienced signs and symptoms consistent with a CHIKV infection.
(viii) Data extracted from identified studies. We extracted the following information for each identified study: author(s) and year of publication, when the symptom information was collected relative to the outbreak, the location of the outbreak, the virus lineage/strain responsible for the outbreak, the mosquito vector responsible for the outbreak, the proportion of CHIKV-positive participants, the proportion of inapparent CHIKV infections, and the sampling method. Whenever some of these data were not available or when a question arose regarding particular aspects of the study, efforts were made to contact the first author, senior author, and/or corresponding author to obtain the necessary information via e-mail correspondence. Virus lineage and the vector, when not explicitly confirmed through sequencing or entomological investigation in the paper, were derived from other published studies that genotyped virus isolates from the outbreak in question, the global compendium of Aedes aegypti and Aedes albopictus occurrence data set (82) , or correspondence with the study authors.
(ix) Estimation of the prior and posterior distributions. The probability of inapparent CHIKV infection was assumed to follow a beta distribution, and its hyperparameters were estimated using the ExtDist R package's (83) numerical optimization of the likelihood method (or the method of moments if the numerical optimization approach failed to converge) after weighting each identified study's contribution by the number of CHIKV-infected individuals. Because the beta distribution is the conjugate prior for binomial data, the estimated posteriors were also beta distributions.
For the sensitivity analysis, different Bayesian priors were constructed using different subsets of studies to evaluate how, for example, relying on studies in the Americas versus studies outside the Americas would impact the final results. When calculating a prior based on the different vectors, we attributed a study's data to the most likely vector. Those studies for which the authors or we (based on a review of the global Aedes occurrence compendium data set) deemed both Aedes species to be equally likely vectors for the epidemic were ignored in the calculation of the vector-specific Bayesian priors.
To provide future studies with prior distributions that incorporated data from the literature and this study, we estimated a second set of prior distributions that included findings from this study in the same data set as the findings from the literature. We estimated highest-density credible intervals (HDCIs) using the HDI R package (84) .
Data availability. Data can be shared with outside investigators following approval from the University of California, Berkeley, IRB and Committee for the Protection of Human Subjects. Please contact E.H. to arrange for data access.
